Summary 26 1.
One of the most dramatic examples of biome shifts in the geological record is the rapid 27 replacement of C 3 vegetation by C 4 grasses in (sub-) tropical regions during the Late 28
Miocene-Pliocene. Climate-driven biome shifts of this magnitude are expected to have 29 a major impact on diversification and ecological speciation, especially in grazing taxa. 30
Mycalesine butterflies are excellent candidates to explore the evolutionary impact of 31 these C 3 /C 4 shifts on insect grazer communities. 32
2.
Mycalesine butterflies feed on grasses as larvae, have radiated spectacularly and occur 33 in almost all extant habitats across the Old World tropics. However, at present, we lack 34 a comprehensive understanding of the larval ecology of these butterflies and this 35 hampers investigations of co-evolutionary patterns among the geographically parallel 36 radiations of mycalesine butterflies and the remarkable evolutionary history of their 37 host plants. 38
3.
By conducting several experiments under defined environmental conditions we 39 demonstrate that the feeding history of mycalesine larvae on C 3 and C 4 grasses can be 40 traced by analysing δ 13 C in the organic material of the adult exoskeleton, while values 41 of δ 18 O in the adult reflect atmospheric humidity during larval development. 42 4.
To show the power of these isotopic proxies for ecological studies, we analysed the 43 isotopic composition of organic material obtained from adult butterflies sampled in two 44 extensive longitudinal surveys. 45
5.
We observed strong associations among the larval ecology, habitat preferences of the 46 adult butterflies and patterns of seasonality, such that mycalesine species that inhabit 47 open environments are more opportunistic in their host plant choice but utilize C 3 48 grasses more frequently during the dry season. Crucially, the ability to process the less 49 palatable C 4 grasses appears to be phylogenetically clustered within mycalesine species, 50 because of the high efficiency of their carbon concentrating mechanism, C 4 leaves typically 82 have lower nutritional values (lower leaf protein and nitrogen) than C 3 foliage (Long 1999). 83 Therefore, generalist herbivores are predicted to prefer C 3 over C 4 leaves, despite possessing 84 the ability to process the latter, when both are available in the same habitat (see Caswell et al. 85 1973) . 86
Here, we use data on butterflies of the subtribe Mycalesina (Nymphalidae: Satyrinae) 87 to examine how physiological and ecological differences between C 3 and C 4 grasses may 88 have impacted the evolutionary ecology of insect grazers. These tropical butterflies feed 89 mainly on grasses as larvae and, especially in the case of The ability of mycalesines to process C 4 foliage is expected to be phylogenetically 143 clustered and associated with adult habitat preferences. Mycalesine species which remained 144 restricted to shaded forest understories, where the advantage of the C 4 pathway is normally 145 lost, are expected to be C 3 specialists. In contrast, species which successfully inhabit the more 146 open C 4 grass-dominated environments as adults are expected to have acquired novel feeding 147 adaptations and predicted to be more opportunistic and generalist in their larval host plant 148 choice. In addition, larvae which complete development in these open habitats are more 149 likely to respire at low levels of atmospheric humidity which should be reflected in the 18 O 150 composition of the adult exoskeleton. 151
In the C 4 -dominated savannah habitats, host plant quality decreases rapidly during the 152 dry season as the environment gradually dries out. Seasonal patterns in host plant use are 153 predicted for generalists that inhabit these open habitats, with an increased preference for 154 high quality C 3 grasses during the dry season. For seasonal forms, we also predicted strong 155 associations between the values of δ 18 O in organic material and the varying seasonal In experiment C, larvae were reared as described above and, on the first day after 198 eclosion, adults were randomly transferred to a climate room with either the original RH 199 (70%) or to a low humidity climate room (20% RH). Here, the adults were fed on moist 200 banana and samples were collected from both cohorts on a daily basis for 21 consecutive 201 days (N=97). For the final experiment (D), host plants were cultivated under high (90%; 202 HIGH) or low RH (50%; LOW). Larvae were also reared under HIGH or LOW conditions 203 and on either HIGH or LOW host plants. The adults of these four cohorts were randomly 204 transferred to either a HIGH or a LOW climate room, resulting in eight experimental cohorts 205 (N=80). Adults were fed on moist banana, and after 14 days frozen and stored individually. 
Isotopic analyses 245
To assay the relative amount of stable isotopes of carbon in our specimens, leg tissue was 246 placed into 8 x 5 mm tin capsules, sealed and loaded into an auto-sampler. The tissue within 247 the capsule was combusted at 600 o C with a pulse of Oxygen and the resultant CO 2 fed into a 248
Costech Elemental Analyser and analysed for 13 C/ 12 C with an in-line Thermo DELTA V 249 mass spectrometer. Helium was used as a carrier gas and the gaseous products were separated 250 by a packed gas chromatographic molecular sieve column at a temperature of 90°C and 251 passed into the mass spectrometer via a Thermo Conflo IV interface. The mass spectrometer 252 software is programmed to compare the area under the peak of CO 2 and the 13 C/ 12 C isotope 253 ratio. For the analysis of oxygen isotopes, the samples were placed in silver capsules. These 254 samples were pyrolysed at 1200 o C using a Thermo Finnigan TC/EA attached to a Thermo 255 Delta V mass spectrometer via a ConFlo 3. Reference standards from IAEA in Vienna were 256 run at intervals throughout the sequence and these values are used to calibrate to the 257 international standards of 13 C/ 12 C (δ 13 C Vienna-PDB) and 18 were swapped from the C 3 to the C 4 host plant at this final stage of larval development were 300 more similar to the isotopic signatures of individuals that were reared on C 4 plants during all 301 larval stages, and vice versa (table S1) . 302 Experiment C showed that δ 18 O in adult leg tissue is not affected by high rates of 303 local water evaporation during the adult stage. The interaction between the humidity 304 treatment and the age of the adult was non-significant (P=0.93) and the δ 18 O values obtained 305 from adults that were transferred to the LOW (50% RH) humidity climate room remained 306 stable throughout the 21 day sampling period. Similar results were found for control 307 individuals which were kept under HIGH (90% RH) conditions for the same period (table 1) . As a caveat we note, however, that the adults of laboratory experiments C 394 and D were only exposed to conditions of low humidity for a period of 21 and 14 days, 395 respectively. In the natural environment, DSF individuals have to cope with low humidity for 396 many months and our data do not allow us to exclude potential long-term effects of low 397 humidity on the isotopic composition of the exoskeleton. In general though, the 18 indicates that there is no inherent barrier to forest species consuming C 4 grasses. 427
Furthermore, this observation conflicts with the prediction that generalists avoid C 4 leaves 428 when C 3 host plants are available (Caswell et al. 1973 ; see further below). 429 430
Seasonal variation at field sites 431
The climatic data were used to discover when seasonal shifts occurred during the period 432 when the specimens were collected. In the seasonal habitat in Zomba, Malawi, periods of 433 increased rainfall normally started around the beginning of November and extended into 434
April of the next year. Temperature starts to rise about two months before the first rains. The 435 RH increases rapidly during these rainy periods, peaks about six weeks after the onset of the 436 first rains and gradually decreases throughout the entire dry season. The dry season of 1995 437 was especially arid, with weekly means of RH as low as 21% immediately before the first 438 rains of that year. In contrast, in the secondary forest in Genting, Malaysia, the temperature 439 and RH remained constant and relatively high throughout the year (figure 2). Substantial 440 phenotypic variation was found for most species in both surveys. In Genting, the phenotypic 441 variability was not correlated to any of the measured abiotic factors. However, in the material 442 from Zomba, phenotypic variation was clearly associated with the seasonal climatic 443 fluctuations in all three species of Bicyclus (see also Windig et al. 1994) . In each year, the 444 first wet season form (WSF) individuals appear soon after the onset of the first rains when the 445 temperature is high and humidity is increasing rapidly. In contrast, dry season form (DSF) 446 adults begin to emerge when the environment is gradually drying out and the temperature is 447 significantly lower (Brakefield, Pijpe & Zwaan 2007) . 448
In the seasonal habitat in Zomba, we found a tendency to utilize C 3 grasses more 449 frequently when the C 4 host plants potentially become less palatable during the early dry 450 20 season. This observation suggests that the preference of grass-feeding generalist herbivores 451 for high quality C 3 grass species increases during this period (Caswell et al. 1973 ). However, 452 the differences in C 3 :C 4 ratios between seasonal forms may also reflect seasonal variation in 453 the availability of the two types of host plants or indicate that there may be a longer window 454 of opportunities for successful development and adult recruitment in forest margins, where C 3 455 grass species are expected to be more prevalent. 
